ABSTRACT Organisms regulate gene expression in response to the environment to coordinate metabolic reactions. Clostridium thermocellum expresses enzymes for both lignocellulose solubilization and its fermentation to produce ethanol. One LacI regulator termed GlyR3 in C. thermocellum ATCC 27405 was previously identified as a repressor of neighboring genes with repression relieved by laminaribiose (a ␤-1,3 disaccharide). To better understand the three C. thermocellum LacI regulons, deletion mutants were constructed using the genetically tractable DSM1313 strain. DSM1313 lacI genes Clo1313_2023, Clo1313_0089, and Clo1313_0396 encode homologs of GlyR1, GlyR2, and GlyR3 from strain ATCC 27405, respectively. Growth on cellobiose or pretreated switchgrass was unaffected by any of the gene deletions under controlled-pH fermentations. Global gene expression patterns from time course analyses identified glycoside hydrolase genes encoding hemicellulases, including cellulosomal enzymes, that were highly upregulated (5-to 100-fold) in the absence of each LacI regulator, suggesting that these were repressed under wild-type conditions and that relatively few genes were controlled by each regulator under the conditions tested. Clo1313_2022, encoding lichenase enzyme LicB, was derepressed in a ΔglyR1 strain. Higher expression of Clo1313_1398, which encodes the Man5A mannanase, was observed in a ΔglyR2 strain, and ␣-mannobiose was identified as a probable inducer for GlyR2-regulated genes. For the ΔglyR3 strain, upregulation of the two genes adjacent to glyR3 in the celC-glyR3-licA operon was consistent with earlier studies. Electrophoretic mobility shift assays have confirmed LacI transcription factor binding to specific regions of gene promoters. IMPORTANCE Understanding C. thermocellum gene regulation is of importance for improved fundamental knowledge of this industrially relevant bacterium. Most LacI transcription factors regulate local genomic regions; however, a small number of those genes encode global regulatory proteins with extensive regulons. This study indicates that there are small specific C. thermocellum LacI regulons. The identification of LacI repressor activity for hemicellulase gene expression is a key result of this work and will add to the small body of existing literature on the area of gene regulation in C. thermocellum.
IMPORTANCE Understanding C. thermocellum gene regulation is of importance for improved fundamental knowledge of this industrially relevant bacterium. Most LacI transcription factors regulate local genomic regions; however, a small number of those genes encode global regulatory proteins with extensive regulons. This study indicates that there are small specific C. thermocellum LacI regulons. The identification of LacI repressor activity for hemicellulase gene expression is a key result of this work and will add to the small body of existing literature on the area of gene regulation in C. thermocellum. KEYWORDS EMSA, LacI, RNA-seq, Ruminiclostridium, transcriptomics, consolidated bioprocessing, gene regulation C lostridium thermocellum is an anaerobic thermophile with an elaborate and highly efficient extracellular enzyme system for solubilizing lignocellulosic biomass. C. thermocellum is of biotechnological interest due to its potential for lignocellulose conversion to fuels. C. thermocellum produces cellulosomes, which are multiprotein structures consisting of a protein platform (scaffoldins) with attached cellulolytic enzymes. These enzymes are bound to scaffoldins via type 1 cohesion-dockerin domain interactions, and this large complex is anchored to the cell wall by secondary scaffol-dins and type 2 cohesin-dockerin interations (1) . In addition, the bacterium produces free enzymes and "cell-free" cellulosomes (2) and it is a candidate for cellulosic ethanol production (3) . Wild-type C. thermocellum can utilize hexose sugars but not pentose sugars as fermentation substrates, despite having eight genes encoding xylanases (1) . The organism has characterized ABC transporters for the uptake of cellodextrins ranging from G2 to G5 with one, CbpA, specific for cellotriose and another specific for laminaribiose (4) . Understanding C. thermocellum gene regulation is of importance for improved fundamental knowledge of this industrially relevant bacterium.
C. thermocellum regulates gene expression in response to carbon sources and growth rates (5) (6) (7) . The expression of the cellulosomal proteins is influenced by substrate availability and extracellular polysaccharides (8) . Most cellulase and hemicellulase genes of C. thermocellum are scattered throughout the genome in small clusters, in contrast to the larger operons in mesophilic cellulolytic clostridia (9) (10) (11) (12) (13) (14) (15) (16) . Methods of sensing and coordinating gene expression must therefore exist to allow the organism to utilize cellodextrins in plant biomass (17) . Altered gene expression in response to substrate availability is expected to affect the composition of the cellulosome in terms of binding available dockerin-containing enzymes to the cohesion domains on the scaffoldin (CipA) backbone (6) . C. thermocellum DSM1313 was used in this study due to the existence of a genetic system and the absence of an equivalent system in the type strain, C. thermocellum ATCC 27405. The genomes for strains DSM1313 and ATCC 27405 are very similar, with average nucleotide identities (ANIs) of 99.6 and 99.3% in reciprocal genome comparisons (18) . Strain DSM1313 encodes more than 100 transcription regulators. However, only a small proportion of C. thermocellum transcriptional regulators have been studied. Previous work has demonstrated the inducible expression of the celC-glyR3-licA operon (11, 19) , the involvement of alternative sigma factors with their cognate anti-sigma factors in the regulation of cellulolytic genes, including celS (17, 20, 21) , and histidine kinase genes involved in the regulation of sporulation (22) .
C. thermocellum strains DSM1313 and ATCC 27405 each encode three LacI transcriptional regulators (GlyR1 to GlyR3), and the homologs of these regulators in the two strains are 100% identical in respective comparisons. Among C. thermocellum strains, comparisons between LacI proteins give similarity values of ϳ24 to 42% identity at the amino acid level. LacI family members can sense sugar and noncarbohydrate effectors via a C-terminal effector binding domain, with the majority regulating carbohydrate utilization genes, and have a characteristic N-terminal helix-turn-helix DNA binding domain (23) . The number of LacI regulators varies per genome, with most having fewer than 10 such regulators and some actinobacteria having up to 32. The characterized ATCC 27405 genes celC-glyR3-licA (Cthe_2807, Cthe_2808, and Cthe_2809) are homologous to DSM1313 genes Clo1313_0395, Clo1313_0396, and Clo1313_0397. CelC and LicA, a glycoside hydrolase 5 family member and glucan endo-1,3-beta-D-glucosidase, respectively, are not cellulosome associated and are instead members of the C. thermocellum free cellulolytic enzyme system (1). The GlyR3 regulator on this three-gene operon was demonstrated to have repressor activity, which was relieved in the presence of laminaribiose, a ␤-1,3-linked glucose dimer. GlyR3 was shown to bind to an 18-bp near-palindromic sequence upstream of the start codon of Cthe_2807 (19) .
To date, the majority of C. thermocellum genetic engineering studies have focused on improving fuel production (24) (25) (26) (27) (28) (29) (30) , but little genetic work has targeted understanding regulatory pathways. Here, we combine use of gene deletions with transcriptomics and DNA binding assays to gain insights into the regulatory networks of the three LacI transcription factors in the genome of C. thermocellum DSM1313.
RESULTS

Deletion of the LacI regulators.
Three genes annotated in the C. thermocellum DSM1313 genome as LacI transcriptional regulators were deleted as previously described (31) . Deletion of each locus was confirmed by PCR and Sanger sequencing analysis. In addition, genotypes were analyzed by resequencing analysis by mapping respective Illumina reads to the C. thermocellum DSM1313 reference genome. In total, 112 differences were identified by resequencing the three deletion strains and comparing the results to the wild-type reference genome (see Table S1 in the supplemental material). Many single nucleotide polymorphisms (SNPs) were present in multiple strains, with 67 distinct mutations occurring across the three deletion strains, some of which may have also been present in the parental strain. Sixteen of these uniquely identified mutations were predicted to result in nonsynonymous changes to coding regions and validated by Sanger sequencing of the region. Three of these 16 mutations were miscalled during Illumina sequencing analysis and were the same as in the DSM1313 reference genome. Six nonsynonymous mutations occurred in homopolymer repeat regions and were the same as in the ATCC 27405 genome, and they are possibly errors in the DSM1313 reference genome. The remaining seven mutations were confirmed as present in at least one of the strains.
Mutations present in the coding regions of each of the strains were as follows: GlyR1/Clo1313_2023 had an SNP in Clo1313_0908, encoding adenine phosphoribosyltransferase, an SNP in Clo1313_2711, encoding a hypothetical protein, and a transposon insertion in Clo1313_1891, encoding a protein with a predicted uridine kinase function (see Fig. S1 in the supplemental material). GlyR2/Clo1313_0089 had mutations that included a transposon insertion into Clo1313_0145, encoding an aminotransferase (see Fig. S1 in the supplemental material), an SNP in Clo1313_0908, encoding adenine phosphoribosyltransferase, which was distinct from the mutation in GlyR1, and an SNP in Clo1313_0638, encoding a protein with a histone family DNA-binding domain. Clo1313_0396 had a confirmed SNP in uracil phosphoribosyltransferase (Clo1313_0185) and the same SNP in Clo1313_0908 as the GlyR2 strain. Mutations were not found in genes directly related to sugar metabolism and fermentation.
Growth and harvesting for transcriptomic analysis. Little growth difference on the soluble cellobiose substrate was detected between the three lacI deletion strains and the parental strain (Fig. 1) , and the deletion strains had no apparent phenotype differences when pretreated switchgrass was provided as the carbon source (see Fig. S2 in the supplemental material). For transcriptome sequencing (RNA-Seq) analyses, triplicate one-liter bioreactor cultures were grown for each strain to monitor growth and harvest samples. Each strain reached a similar turbidity before transitioning to stationary phase. Samples were collected from each bioreactor at mid-exponential phase (optical density at 600 nm [OD 600 ], 0.7 to 1.0), late exponential phase (OD 600 , 1.8 to 2.0), and early stationary phase (OD 600 , 2.0 to 2.2) to extract RNA for transcriptome profiling by RNA sequencing. Reads per samples ranged from 15.5 million to 36.5 million with an average of 25 million reads across the 36 samples (see Table S2 in the supplemental material). Between 97.2% and 98.9% of the reads per sample were uniquely mapped to the DSM1313 reference sequence with genome coverages ranging from 194ϫ to 460ϫ (Table S2 ). Mapped reads were imported into the DESeq2 workflow for normalization and determination of differential gene expression between each strain at a given time point and the parental strain at the same growth stage. Genes were considered differentially expressed if results showed a 2-fold difference in gene expression between a mutant and wild-type strain at a given growth stage and a false-discovery rate (FDR; Benjami-Hochberg method)-adjusted P value of less than 0.05 (see Table S3 in the supplemental material).
LacI regulons. A distribution analysis of mean read unique read counts for the Δhpt strain at each sampling point revealed that counts for the three lacI genes were in the upper 50th percentile under all growth conditions. The Δhpt strain is the parental strain used in the production of the lacI deletion mutants. Deletion of the hpt gene in C. thermocellum is necessary to create markerless deletion strains. At mid-exponential, late exponential, and early stationary phases, for glyR1, there were an average of 3,042, 2,956, and 3,864 reads, respectively; for glyR2, 4,651, 4,648, and 2,232 reads, respectively; and for glyR3, 1,362, 1,413, and 3,864 reads, respectively. In each deletion strain, a dramatic upregulation of at least one gene occurred in the absence of a particular regulator. This was not dependent on growth stage, as levels of expression remained consistently upregulated by greater than 5-fold across the growth stage transcriptome profiling. Numbers of differentially expressed genes varied between strains and growth stages (Table S3 ). The focus of this study was derepressed genes under all growth conditions. GlyR1. Deletion of the glyR1 gene (Clo1313_2023) resulted in 13, 34, and 1,092 differentially expressed genes at mid-exponential, late exponential, and early stationary phases, respectively (Table 1 shows a summary; see Table S3 in the supplemental material for complete details). Substantial upregulation (Ͼ20-fold) of Clo1313_2022 occurred across all three time points in the absence of glyR1 ( Table 2 ). Clo1313_2022 is divergently transcribed to glyR1 and encodes LicB, a lichenase enzyme with a dockerin I domain, indicating that this enzyme can bind to the cellulosome scaffoldins. Clo1313_2024, downstream from and on the strand opposite to glyR1, did not show differential expression. The only other gene (Clo1313_2865) upregulated at midexponential growth phase encoded a protein of unknown function (DUF214). Downregulated across all three time points sampled was an operon, Clo1313_1886-1891, on the reverse strand. Mapped RNA-Seq data suggest that these genes are transcribed as a single unit from the complement strand, as reads were mapped across the intergenic regions of these six genes. Strain resequencing revealed an IS3 transposon insertion near the start of Clo1313_1891 (see Fig. S1 in the supplemental material), which likely disrupted transcription of this operon in the glyR1 deletion strain. The Clo1313_1886-1891 genes were the most downregulated genes across all three time points, with at least 40-fold less expression occurring in the stationary phase than in the parental strain. The Clo1313_1886-1891 genes are poorly characterized, unfortunately, with predicted functions including an Fe-S cluster domain, a putative anti-sigma regulatory factor. If the anti-sigma regulatory factor annotation is correct, this gene could affect the expression of other C. thermocellum genes and be contributing to the large set of differentially expressed genes in the stationary-phase comparison with the parental strain. GlyR2. Deletion of the glyR2 gene (Clo1313_0089) resulted in 41, 26, and 46 genes significantly differentially expressed at mid-exponential, late exponential, and early stationary phases, respectively (see Table 1 for a summary and Table S3 in the supplemental material for complete details). Clo1313_0090 encodes an S-layer domaincontaining protein and is downstream of and transcribed divergently from glyR2. The Clo1313_0090 gene showed approximately 2-fold-higher expression in the glyR2 mutant strain than in the parent strains only in stationary phase, and its conditional derepression indicates other regulation. Clo1313_0088 encodes a hypothetical protein, is on the same strand, and is immediately downstream of glyR2, and it did not show differential expression under the conditions tested ( Fig. S3 and Table S3 in the supplemental material). In the ΔglyR2 strain, upregulation of Clo1313_1398 (Cthe_0821) was observed across all three sampling time points (Fig. 2) . Clo1313_1398 encodes the Man5A protein, which contains a dockerin I domain required for attachment to the cellulosome scaffoldin proteins. Man5A also has GH5 and CBM32 domains and has been demonstrated to have a preference for manno-oligosaccharides. During the mid-exponential phase, deletion of the glyR2 gene resulted in an upregulation of a further nine genes with carbohydrate-active enzyme (CAZyme)-related functions and a gene encoding a glycogen/starch synthase. The expression patterns of three of these genes was maintained at a higher level in the glyR2 deletion strain than in the parental strain during late log phase; however, by stationary phase these differences between the two strains had diminished, aside from the dramatic upregulation of Clo1313_1398.
Eight genes with predicted functions in the pentose phosphate pathway and central carbon metabolism, Clo1313_0073 to Clo1313_0080, encoding two transketolase domain proteins, phosphoglycerate mutase, and a glycerol kinase, were downregulated across all three time points sampled for both glyR2 and glyR3 deletion strains compared to the parental strain (Table S3) . One gene, Clo1313_0638, annotated as encoding a histone family protein DNA-binding protein, was downregulated more than 4-fold; however, the strain resequencing had identified an SNP present in the coding region (GI 724743). This SNP led to an isoleucine-to-threonine change at the amino acid level. The glyR3 deletion strain had the same mutation and also had a downregulation of the gene similar to the one seen in the parental strain (see below), suggesting that this pattern of gene expression was related to the SNP and not the respective lacI gene deletions. GlyR3. Deletion of the previously described C. thermocellum LacI transcriptional regulator gene, glyR3 (Cthe_2808/Clo1313_0396), resulted in 31, 65, and 75 genes considered significantly differentially expressed at mid-exponential, late exponential, and early stationary phases, respectively ( Table 1 ). Upregulation of the two genes adjacent to glyR3 in the celC-glyR3-licA operon was consistent with the activity of this regulator as previously reported (11, 19) , and each showed similar trends across all three growth stages ( Fig. S3 and Table S3 in the supplemental material). The orf4 gene (Clo1313_0398) showed 1.5 log 2 -fold-higher expression in the glyR3 mutant only for stationary-phase samples. Otherwise, no upregulation of the downstream genes (orf4-manB-celT) was detected in the glyR3 deletion strain, similar to what was observed when C. thermocellum was grown on laminarin (11). Clo1313_2013, annotated as encoding a hypothetical protein, was the only other gene that maintained a greater than 2-fold upregulation of gene expression across the three growth stages when glyR3 was deleted. The most downregulated gene (Clo1313_0638) at mid-exponential and late-exponential growth phases contained the same SNP as the ΔglyR2 strain. This was the only SNP in the coding region of a gene in the ΔglyR3 strain that displayed differential gene expression. Another gene with CAZyme-related functions is Clo1313_1424 (celX), encoding a predicted acetylxylan esterase cellulosomal protein, which was upregulated 2-fold in stationary phase. Two members of the free-cellulase system in C. thermocellum were upregulated by stationary phase, Clo1313_1336 (GH23) and Clo1313_2473 (GH18), with possible substrates of chitin and/or peptidoglycan.
A histidine kinase (Clo1313_1711), predicted to be involved in regulating sporulation in C. thermocellum, was downregulated in late exponential and early stationary phases in the glyR3 deletion strain compared to the parental strain. Other genes with sporulation annotations (Clo1313_0205, SpoIIID; Clo1313_1773, SigE; Clo1313_1774, SpoIIGA; Clo1313_1409, Spo0A; Clo1313_1548, stage II sporulation protein M; Clo1313_1381, stage III sporulation protein AC; Clo1313_1381, stage III sporulation protein AF) were downregulated at stationary phase. The average read counts for the triplicate samples for many of these genes were low in both the parental and mutant strains across all time points sampled: SpoIIID, 3 to 49; SigE, 123 to 1,143; SpoIIGA, 12 to 55; Spo0A, 128 to 648; stage II sporulation protein M, 5 to 35; stage III sporulation protein AC, 7 to 29; stage III sporulation protein AF, 23 to 128. Spores were not identified during culturing of the lacI mutants; however, C. thermocellum is a poor sporeformer, with rates of less than 10% under typical conditions that would induce sporulation and less than 0.002% under typical lab conditions (32) .
LacI regulators bind to regulatory sequences of target genes. To test whether each LacI regulator has a direct role in the regulation of the genes that displayed increased expression in the transcriptomic analysis, each regulator was assessed for the ability to bind the DNA fragments from promoter regions of the genes of interest via several independent electrophoretic mobility shift assays (EMSAs). Fluorescent EMSA was more sensitive than other EMSAs, and these results are presented. Chemiluminescent EMSA data were also collected using independent probe sequences (not shown). Purified LacI transcription factors were confirmed to be able to bind to DNA fragments from particular promoter regions, with increasing amounts of protein in the assay binding increasing amounts of DNA fragments (Fig. 3) . GlyR3 bound to the region as previously described, GlyR1 bound upstream of licB (Clo1313_2022), and the GlyR2 regulator bound to a region upstream of man5A (Clo1313_1398).
LacI proteins typically dissociate from DNA upon binding of the effector molecule. While laminaribiose has been shown to be an effector molecule for GlyR3, effectors for GlyR1 and GlyR2 are unknown. Various sugars were tested with biotin-labeled fragments to identify sugars that would disrupt binding. Cellobiose, laminaribiose (Fig. 4) , maltose, sucrose, glucose, lactose, galactose, arabinose, and xylose (data not shown) did not affect DNA binding by either GlyR1 or GlyR2, and ␣-mannobiose had no impact on GlyR1 binding. GlyR2 was no longer able to bind in the presence of ␣-mannobiose. This suggests that ␣-mannobiose is a probable inducer for GlyR2-regulated genes (Fig.  4) , consistent with the function of Clo1313_1398 as a mannanase. Individual sugars did not yield a candidate inducer molecule for GlyR1, and the possible inducer molecule for this transcription factor remains unknown.
DISCUSSION
This study sought to identify the regulons of three LacI family transcription factors to better understand the regulation of genes involved in plant biomass deconstruction in C. thermocellum DSM1313. The C. thermocellum genome encodes a large repertoire of enzymes, both cellulases and hemicellulases that can target plant cell walls, degrading the cellulose and hemicellulose components to liberate soluble ␤-1,4-and ␤-1,3-linked glucans that the bacterium will ferment. The composition of the cellulosome has been shown to vary depending on the substrate (8), and cellulase gene expression can be affected by the growth rate of the organism (5). However, the regulatory mechanisms employed by the cell to determine the cellulosome composition and C. thermocellum regulation in general remain relatively understudied.
LacI family members can sense sugar and noncarbohydrate effectors, with the majority regulating carbohydrate utilization genes (23) . A comparative study of 1,300 LacI transcription factors found that nearly 90% of these were local regulators of sugar utilization pathways, with regulatory effects impacting only genes located near the regulator gene in the genome, while the other 10% of LacI regulators control large sets of genes and are considered to be global regulators. LacI family members can also be integrated into complex regulatory networks, as is the case for Mesorhizobium loti FixV, which activates genes for symbiotic nitrogen fixation (33) , as an example.
All three LacI transcription factors affected the regulation of genes encoding hemicellulases. Hemicelluloses constitute significant proportions of plant biomass polysaccharides, between one-quarter and one-half of the mass of many types of cell walls, and they vary tremendously depending upon the plant species and tissue type (34) . The four main kinds of hemicelluloses are xyloglucan, xylans, mixed-linkage glucans, and mannans, which contain different backbones with various side groups, bonds, degrees of branching, and polymerization. Xyloglucan is often the most abundant hemicellulose in primary cell walls, and it consists of a ␤-1,4-glucan backbone with xylose-containing side chains, which may also contain other sugars (e.g., arabinose). However, in grass primary cell walls, glucuronoarabinoxylan is a dominant hemicellulose, and it consists of mixed-linkage glucans. Xylan is a polymer of ␤-1,4-linked xylose with possible arabinan and glucuronic acid side chains. Mixed-linkage glucans are made of glucose residues linked by ␤-1,3 and ␤-1,4 bonds. A mannose backbone joined by ␤-1,4 linkages makes up mannans or similarly linked glucose and mannose residues comprise glucomannans. Wild-type C. thermocellum strains are unable to use these hemicellulose sugars as carbon sources. Nevertheless, C. thermocellum encodes a variety of enzymes needed to break hemicellulose bonds in order to access cellulose from a variety of sources and consume it for growth. We have identified new LacI repressor activity for genes with hemicellulase functions, which is a key result of this work.
The characterized ATCC 27405 genes celC-glyR3-licA (Cthe_2807, 2808, 2809) are homologous to DSM1313 genes Clo1313_0395, 0396, 0397. Expression studies across growth stages have identified a peak in the gene expression from this operon at late exponential phase as the cell transitions into early stationary phase (11, 35, 36) . The activity of the GlyR3 regulator on this three-gene operon was demonstrated to have repressor activity, which was relieved in the presence of laminaribiose, a ␤-1,3-linked glucose dimer. GlyR3 was shown to bind to an 18-bp near-palindromic sequence upstream of the start codon of Cthe_2807 (19) . GlyR3 has also been used to create a laminaribiose-inducible expression system (37) . We find that all three LacI transcription factors in C. thermocellum DSM1313 appear to be local rather than global regulators and each LacI controlled the expression of a small number of genes encoding CAZyme functions. Deletion of each LacI transcription factor and transcriptome profiling across three different growth stages revealed that the deletion of each transcription factor had a dramatic effect on the expression of at least one other gene across all time points sampled. This indicated that the absence of the regulator relieved the transcription repression and this was not confounded by the growth stage of the culture, consistent with roles as transcriptional repressors.
The regulon of GlyR3 appears to be limited to the celC-glyR3-licA operon, as previously described (11, 19) . GlyR1 affected the expression of licB (Clo1313_2022), containing a glycoside hydrolase 16 domain. This gene encodes a lichenase (␤-1,3-1,4-glucanase), which has been demonstrated to localize to the cellulosome (38) and cleaves ␤-1,4 linkages adjacent to ␤-1,3 linkages in mixed ␤-glucans, such as barley ␤-glucans and lichenin (39, 40) . LicB has no activity against ␤-1,3-␤-1,6 linkages such as laminarin (39) and so has a function distinct from that of the LicA/CelC enzymes regulated by GlyR3. Purified GlyR1 bound to a 232-bp region upstream of the licB gene, and this binding was dose dependent. Monomeric and multimeric sugar molecules were used to determine an inducer molecule for this regulator; however, the binding of GlyR1 to the licB promoter region could not be disrupted and the inducer molecule remains unknown. Future studies that could fractionate different components of the lignocellulosic substrate or a higher-throughput assay would be useful to narrow down possible candidate effector molecules for GlyR1.
Deletion of glyR2 led to significant (Ͼ2-fold) upregulation of 17 genes. Many had CAZyme activities, and the expression of nine of these gene were previously reported to display a decreasing level of expression when the growth rate of C. thermocellum ATCC 27405 on cellobiose was increased (5). In the glyR2 mutant strain, these genes had higher levels of expression at exponential growth phase than did the parental strain, and this trend was not observed in either of the other two strains, suggesting that this effect is specific to this lacI deletion. Clo1313_1398, encoding Man5A, had substantially higher expression when glyR2 was deleted. Interestingly, the regulation of Clo1313_1398 (man5A) in the two, similar C. thermocellum strains ATCC 27405 and DSM1313 appears to differ. Cthe_0821, the homolog of Clo1313_1398, was one of the most highly expressed genes when the cells were grown on biomass (7) and was in the top 6% of expressed genes grown on cellulose (5), while Clo1313_1398 was only in the top 30% of expressed genes when DSM1313 was grown on cellulose (2) . The genomic architecture of this region does differ between the two strains, with DSM1313 lacking two transposase genes immediately upstream of Cthe_0821. This difference between the two strains has disrupted a A recognition motif and might be the reason for the strain differences. EMSAs revealed that the purified GlyR2 bound to a 149-bp region upstream of the start site of the Clo1313_1398 gene in a dose-dependent manner. This binding could be disrupted by the presence of mannobiose. This, along with the RNA-Seq data revealing high man5A expression levels in the glyR2 deletion strain, is indicative of the transcription factor acting as an inducible repressor. The ATCC 27405 homolog displays endomannanase activity and over an extended incubation period can hydrolyze mannopentaose to mannobiose (35) . As mannobiose is both an inducer and a product of the activity of Man5A, this suggests that feedback regulation could occur in the cell. Due to the genomic architecture of the region, this may be more important in the DSM1313 strain than the ATCC 27405 strain, where the gene is already expressed at a constitutive level.
Deletions strains were resequenced, which identified a series of SNPs and other mutations, including transposon insertions in two of the strains. The occurrence of mutations and insertion in phosphoribosyltransferases may result from selective pressure on nucleotide pathways during the mutagenesis strategy employed to make these deletion strains. Fortunately, mutations were identified, and the effects associated with these mutations could be excluded from the interpretation of the transcriptome analyses. It is recommended that mutants be routinely resequenced to increase awareness of the genomic context of targeted deletions.
This study adds to the small body of knowledge for C. thermocellum gene regulation and identified negative regulation affecting the expression of cellulosome-related genes in this bacterium. Previous studies have demonstrated negative regulation of noncellulosomal enzymes by GlyR3 transcription factor (11, 19) . Positive regulation of cellulosome enzymes through cellulose and xylan interactions with anti-factors has been reported (17, 20, 21) . Further studies are required to refine knowledge of C. thermocellum gene-regulatory networks contributing to the control and composition of the cellulosome and the lignocellulolytic abilities of the organism, regulation of important physiological responses, and cross talk between networks.
MATERIALS AND METHODS
Bacterial strains and mutant construction. Plasmids were constructed with standard methods (41), including yeast gap repair (42) and Gibson assembly (43) using the Gibson assembly cloning kit (New England BioLabs, Ipswich, MA, USA), resulting in plasmids pAMG488 for deletion of Clo1313_0396, pCS2 for deletion of Clo1313_0089, and pCS6 for deletion of Clo1313_2023. Plasmids were isolated from Escherichia coli strain BL21, such that the DNA was not methylated by Dcm methylase in E. coli prior to transformation into C. thermocellum (44) . C. thermocellum transformations and gene deletions were performed as previously described (25, 31) using primers shown for construction and strain verification (Table 3) . Annotated plasmid maps are provided in the supplemental material. Briefly, plasmid DNA was electroporated into C. thermocellum ⌬hpt and plated on solid CTFUD medium containing 5 g ml Ϫ1 thiamphenicol (TM; Sigma-Aldrich, St. Louis, MO) to select for transformation. Colonies were picked into liquid CTFUD medium supplemented with TM, followed by plating on solid CTFUD medium containing TM and 50 g ml Ϫ1 5-fluoro-2=-deoxyuridine (Sigma-Aldrich, St. Louis, MO) to select for merodiploids strains. After single-colony purification, colonies were picked into liquid CTFUD medium containing TM. Strains were subcultured in CTFUD medium without antibiotics, followed by plating on solid CTFUD medium supplemented with 500 g ml Ϫ1 8-azahypoxanthine (Acros Organics, Pittsburgh, PA). Strains were again single-colony purified and picked into liquid CTFUD medium, and the resulting unmarked gene deletions were verified by PCR.
Fermentation growth conditions. Bioreactors were prepared for C. thermocellum culture by autoclaving cellobiose, water, and resazurin (total volume, 800 ml) in 1-liter Biostat Q-Plus bioreactors (Sartorius Stedim, Gottingen, Germany) for 30 min. Reactors were sparged with nitrogen gas for 1 h, and a sterile cocktail of the remaining medium for thermophilic clostridia (MTC) components was prepared (45) . A cocktail (100 ml) was added to each reactor, and sparging with nitrogen continued overnight with observable loss of color from reduced resazurin. The initial vessel pH was checked postautoclaving using an external pH probe, and slight adjustments were made to the pH calibration, controlling the reactors as necessary. The fermenters were run at 58°C and 100 rpm, and pH was controlled at 7.0 with 3 N NaOH. Immediately prior to inoculation, the gas was switched from 100% nitrogen to an 80% nitrogen-20% CO 2 mix, and the pH of the reactor was allowed to drop to ϳ6.2. The automatic base addition pump was switched on, and the pH of the reactor was brought back up to pH 7.0. The bioreactors were CATCGGATCGAGCACTACAA subsequently inoculated using overnight inoculum cultures of C. thermocellum DSM1313 strains that had been grown anaerobically in 500-ml bottles of MTC containing 5 g/liter cellobiose. Inoculum aliquots of 100 ml were subcultured into each reactor (total volume, 1 liter) for a final inoculum of ϳ10%. Postinoculation, the gas was switched from passing through the growth medium to just passing through the headspace of the reactor and was used only to create positive vessel pressure during sampling; otherwise, the gas sparge remained off during bacterial growth. Triplicate fermentations were performed for each strain. Growth was tracked by base addition, and OD 600 measurements were taken every 2 h. Samples (50 ml) were removed at mid-log phase (OD 600 , 0.7 to 0.95), late log phase (OD 600 , 1.8 to 2.0), and stationary phase approximately 30 min after cultures stopped producing acid (OD 600 , 2.0 to 2.2). Genomic DNA preparation and RNA extraction. Genomic DNA for each of the lacI deletion strains was prepared using a Wizard Genomic DNA purification kit (Promega Corp., Madison, WI, USA). For total RNA preparation, cells pelleted from a 50-ml sample drawn from each fermenter were resuspended in 3 ml of TRIzol reagent (Invitrogen, Carlsbad, CA, USA). A 1-ml aliquot of the TRIzol cell suspension was used for cell lysis by bead beating with 0.8 g of 0.1-mm glass beads (BioSpec Products, Bartlesville, OK, USA) and three 20-s bead-beating treatments at 6,500 rpm in a Precellys 24 high-throughput tissue homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). The RNA from each cell lysate was purified, DNase I treated, and quantity and quality assessed as previously described (7). Purified RNA was depleted of rRNA using the Ribo-Zero rRNA removal kit for Gram Positive Bacteria (Epicentre, Madison, WI, USA). The rRNA-depleted RNA sample was concentrated with RNA Clean & Concentrate-5 (Zymo Research, Irvine, CA, USA) according to the manufacturer's protocol.
Library preparation and DNA sequence data generation. For genome resequencing, libraries were prepared using a TruSeq LT kit that employed a gel-based size selection and subsequently sequenced on an MiSeq instrument (Illumina, San Diego, CA, USA) using version 2 chemistry and a 2 ϫ 250-bp paired-end configuration. Depleted RNA was used as the starting material for the ScriptSeq v2 RNA-Seq Library Preparation kit (Epicentre, Illumina compatible) utilizing the Fail Safe PCR Enzyme mix (Epicentre) and observing the manufacturer's protocol. cDNA tagged with Script-seq adaptors (1-12) was eluted with 20 l of buffer EB, provided in the Min-Elute PCR purification kit (Qiagen, Valencia, CA), according to the Script-Seq mRNA-Seq Library preparation kit protocol. Twelve PCR cycles were used during library amplification, and samples were purified using Agencourt AMPure XP beads (Beckman Coulter) according to the library protocol and eluted with 20 l of nuclease-free water. The final mRNA-Seq library was quantified with a Qubit Fluorometer (Invitrogen), and library quality was assessed with Agilent Bioanalyzer DNA 7500 Chip for DNA (Agilent, Santa Clara, CA, USA). Samples were pooled into three groups to make a stock of 20 nM in 72 l. A 40-l aliquot of the three pooled libraries was sequenced using an SR50 sequencing run on an Illumina HiSeq 2500 platform (HudsonAlpha Genomic Services Laboratory, Huntsville, AL).
Resequencing and RNA-seq analysis. The FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) was used for quality control of resequencing data. Illumina reads were trimmed if the median quality of reads at 5= or 3= ends was below 30, and any reads with more than 10% of positions below a quality score of 30 were filtered out. Bowtie2 (46) was used to align reads to the C. thermocellum DSM1313 genome sequence (GenBank accession number CP002416.1) with default parameters, which generated sam files, and subsequently samtools (47) was used to call variants (with minimum read depth of 20 being specified). Putative SNPs were verified by PCR and Sanger sequencing analysis using the described primers (Table 3) . Raw resequencing data are available from the NCBI Sequence Read Archive (SRA) (see below). For RNA-seq, reads were mapped to the C. thermocellum DSM1313 genome using CLC Genomics Workbench version 8 (CLCbio) using the default settings for prokaryote genomes. Counts of uniquely mapped reads were analyzed for differential gene expression by DESeq2 (48) . Filtering was applied to identify those genes with an FDR of Ͻ0.05 and Ͼlog 2 of Ϯ1 for differential gene expression.
Construction of recombinant expression plasmids. Each lacI gene was cloned into plasmid pTXB1 (New England Biolab [NEB], Ipswich, MA, USA) using the indicated primers ( Table 3 ). The native stop codon was left off the construct so that a fusion chitin binding domain tag would be expressed on cloning into pTXB1. These were transformed into 5-␣ High Efficiency Competent E. coli (NEB), and constructs were verified by PCR and Sanger sequencing. Plasmids were isolated and transformed into strain T7 Express High Efficiency Competent E. coli (NEB) for expression.
Protein purification. A single colony from an LB plate was used to inoculate 10 ml of LB medium with ampicillin (100 g/ml). The culture was grown overnight at 37°C with 200 rpm shaking. A 2-ml aliquot of the overnight culture was used to inoculate a 500-ml volume of LB medium, and the culture was grown at 37°C with 200 rpm shaking until an OD 600 of ϳ0.6 was reached. Protein expression was induced with filter-sterilized isopropyl-␤-D-thiogalactopyranoside (IPTG; final concentration, 0.5 mM), and incubation followed overnight at 15°C with 200 rpm shaking. Cells were harvested by centrifugation in two lots of 250-ml culture at 8,000 ϫ g for 15 min at 4°C. Cell pellets were resuspended in 25 ml of column buffer (20 mM Tris-HCl [pH 8.5], 0.5 M NaCl, 1 mM EDTA, 0.1% Tween 20) and transferred to 50-ml tubes. Cells were lysed by sonication on ice using a microtip, with 60 cycles of 15 s on and 30 s off with the power set at 4 (Misonix Sonicator 4000; Misonix Inc., Farmingdale, NY, USA). Cell debris was removed by centrifugation at 7,919 ϫ g for 30 min at 4°C. The fusion protein was purified using chitin resin (NEB) according to the manufacturer's protocols. After binding the fusion protein to the column and washing of the bound material, the LacI protein was cleaved from the CBD fusion protein by incubating the column with column buffer containing 50 mM dithiothreitol (DTT) ϳ20 h at room temperature. Eluted fractions (1.5 ml) were analyzed by SDS-PAGE, fractions observed to contain cleaved protein were pooled, and the column buffer was exchanged for phosphate-buffered saline (PBS) using Amicon Ultra 0.5-ml 10-kDa spin columns (EMD Millipore, Billerica, MA, USA). Protein concentration was determined by the Bradford assay using bovine serum albumin (BSA) standards.
Electrophoretic mobility shift assay. In vitro binding of each LacI transcription factor to candidate promoters of genes showing differential patterns of gene expression was assessed by EMSA using a fluorescence-based detection EMSA kit (Life Technologies, Carlsbad, CA, USA). Target DNA fragments were chosen based on the results of the RNA-seq experiment with candidate genes showing strong upregulation in the absence of a particular LacI transcription factor. Genomic regions upstream of candidate responsive genes were amplified by PCR (see Table 3 for primers) and purified using a PCR purification kit (Qiagen). Increasing amounts of each purified LacI transcription factor (final concentrations: 0089, 0.016 to 1.5 M; 0396, 0.06 to 2.5 M; 2023, 0.016 to 1.5 M) were incubated with purified target DNA (0.02 to 0.03 M) for 30 min at room temperature using 1ϫ EMSA binding buffer provided in the kit and 10-l reaction mixtures. After the 30-min incubation, 2 l of DNA loading dye was added to each tube, and the samples were separated on a 6% Tris-borate-EDTA (TBE) nondenaturing polyacrylamide gel (Life Technologies) at 125 V for 60 min in prechilled 0.5ϫ TBE buffer. Gels were rinsed with deionized water and stained with SYBR green for 30 min in the dark at room temperature on a shaking platform set to 50 rpm. The gels were rinsed with ϳ150 ml deionized water twice and visualized using a transilluminator GelDoc (UVP) with a UV wavelength of 302 nm and a SYBR filter.
Sugar disruption assays. The ability of various sugars (mannobiose, cellobiose, laminaribiose, maltose, sucrose, glucose lactose, galactose, arabinose, xylose) to disrupt LacI proteins binding to DNA fragments were tested in EMSAs. EMSAs were conducted using a Lightshift EMSA kit (Thermo Fisher Scientific, Waltham, MA, USA). Probes were made by using biotin-labeled primers (IDT) to create labeled probes (Table 3) . Purified transcription factors were the same as those used in the fluorescent EMSAs. EMSAs were performed according to the manufacturer's instructions with each reaction mixture containing 1ϫ binding buffer, 2.5% (vol/vol) glycerol, 5 mM MgCl 2 , 50 ng · l Ϫ1 poly(dI-dC), and 0.05% (vol/vol) NP-40. Each reaction mixture included 20 fmol of biotin-labeled probe and 15 nM purified transcription factor. Control competitive binding reaction mixtures included 4 pmol of unlabeled probe. Sugars were included in experiments at indicated quantities. Assays were incubated at room temperature for 30 min and analyzed on 4% polyacrylamide gels in 0.5% TBE buffer. EMSA gels were electroblotted onto Biodyne membranes and signal developed using the Chemiluminescent nucleic acid detection module kit (Thermo Fisher Scientific).
Accession number(s).
Raw RNA-seq data have been deposited in NCBI SRA under accession number SRP057818 and gene expression data under NCBI GEO accession number GSE68423.
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